ABSTRACT This paper develops a predefined-tracking-constrained-based adaptive control scheme for a class of switched stochastic nonlinear systems in the pure-feedback form with dead zone output. By combining the backstepping-based adaptive fuzzy control with Nussbaum-type function, the control design and the stability analysis are derived. By employing the stochastic Barrier Lyapunov functions, the semiglobally uniformly ultimately boundedness of all the closed-loop signals with the convergence of the output tracking error is ensured; meanwhile, the tracking error constraint is also ensured. Finally, a simulation example is presented to verify the effectiveness of the theoretic results obtained.
I. INTRODUCTION
Over the past decades, dramatic advances have occurred on the control design and performance analysis of switched systems, which are treated as higher-level abstractions of hybrid systems. Such systems have substantial applications, and many significant results have been reported [1] - [8] .
To mention a few, authors have analyzed the global stabilization for a class of switched nonlinear systems in lower triangular form [9] . In [10] , via an event-triggered strategy, the sliding mode control issue for a family of discrete-time switched systems has been developed. By the Markovian jump rule, the problem of the fault-tolerant control (FTC) for Markovian jump systems has been solved by a sliding mode observer [11] . In [12] , the adaptive tracking control of switched stochastic nonlinear systems with unknown nonsymmetric actuator dead-zone has been discussed.
In modern control systems, how to control the systems with unknown nonlinearities is always a hot research topic and has attracted more and more attention during last several decades. Owing to the development of technology, it looks extremely impressive for such kind of systems and many useful approaches have been developed. Among them, the effective tools are approximation-based adaptive backtepping techniques, such as adaptive fuzzy control technique [13] - [17] and adaptive neural network (NN) control technique [18] - [23] . By employing these useful techniques, a number of works have been reported for several classes of nonlinear systems, including switched [24] - [26] or stochastic nonlinear systems [27] , [28] , and strict-feedback or non-strict-feedback nonlinear systems [29] - [33] , and so on.
In practical engineering, it is quite difficult to obtain the accurate systems without any constraints, such as dead zone, input and output constraints, disturbances, and so on. How to control such systems has received considerable attention, and many notable results have been obtained [34] - [39] . Such as, the adaptive fuzzy control problem for a class of stochastic non-strict-feedback nonlinear systems in presence of input saturation has been discussed in [40] . In [41] , Ma and Yang have proposed an adaptive output feedback control scheme for nonlinear systems with non-symmetric dead-zone nonlinearity. To solve the full state constraints of stochastic nonlinear systems, an appropriate BLF has been constructed to deal with the constraint issue in [42] . To the best knowledge of the authors, however, the existing literature almost focused on dead zone input, there few works devote to the control design issue of systems with dead zone output [43] - [46] . Especially, for switched stochastic nonlinear systems, how to design an adaptive control scheme is more challenging, which motivates us for this study.
Inspired by the aforementioned works, in this paper, we focus on the adaptive fuzzy control design problem for a family of switched stochastic pure-feedback nonlinear systems with dead zone output and tracking error constraint. Compared with most of the existing research results on deadzone nonlinearity [12] , [41] , [45] , this paper makes the first step to analyze the dead zone nonlinearity in the system output mechanism for the switched stochastic nonlinear systems. Because of the coexistence of the occurrence of switching, stochastic disturbances, dead zone output and the tracking error constraint, the controller design becomes more difficult than that of the non-switched ones. The main reason is that the controlled system from one system becomes multiple subsystems, the performance of each subsystem will has a certain impact on that of the whole system, which increases the complexity of the controller design. Furthermore, the Nussbaumtype function is utilized to compensate the dead zone output. From the simulation results we can see that, the dead zone output does have an impact on the performance of the system, but the output can still follow the desired reference signal well to keep the tracking error in the given set under the proposed control scheme in this study. That is to say, the developed control scheme guarantees that all signals are SGUUB in probability, the system output tracking performance is well obtained with the constraint bound is not transgressed. This paper is organized as follows. In Section II, the problem statement and description of preliminaries are given, and the predefined-tracking-constrained-based adaptive control scheme is developed in Section III. A numerical example is given in Section IV and a conclusion in Section V ends this paper.
II. PRELIMINARIES AND PROBLEM FORMULATION A. PROBLEM STATEMENT
Consider a class of switched stochastic nonlinear systems:
denotes the unknown dynamic disturbance, u k is the control input of system (1), F k,i (·) and g k,i (·), i = 1, 2, · · · , n, are the unknown smooth functions, k ∈ I. y(t) = D(x 1 (t)) is the dead-zone output, which will be presented later. ω is a standard Wiener process satisfying E{dω(t)} = 0.
Control Objective: The adaptive fuzzy tracking controller can be constructed for system (1) such that the boundedness of all the closed-loop signals is ensured, the system output y can follow the reference signal y d (t) and the tracking error z 1 (t) = y(t) − y d (t) never violates the constraint |z 1 (t)| ≤ κ, where κ > 0 is a prescribed constant.
To better carry out the control design, the following Assumptions and Lemmas for system (1) are necessary.
Assumption 1 [31] : There exists an unknown constant d 0 such that the external disturbances
Assumption 2 [31] : The tracking reference signal y d (t) and its time derivatives up to the n-th order are all available and bounded.
Assumption 3 [31] :
= 0 are unknown, and there exist unknown real constants f k,i > 0 such that |
Similar to the technique utilized in [31] , base on the mean value theorem, Assumption 3 and the implicit function theorem, we have
where the smooth ideal control input
dµ, then, we can rewrite system (1) as
To deal with the constraint problem, the BLF technique is utilized in this paper and the following Lemma is necessary.
Lemma 1 [43] : For a positive constant κ, open sets κ :=
where
is piecewise continuous in t and locally
Lipschitz in z 1 , uniformly in t, on R + × N . Suppose that there exist continuously differentiable and positive-definite functions U : R l → R + and V 1 : κ → R + such that
where γ andγ are the class K ∞ functions. Let V (η) = V 1 (z 1 ) + U (w) and z 1 (0) ∈ κ . If the following inequality holds at the interval η ∈ N :
where a > 0 and b > 0 are constants. Then, z 1 (t) remains in the set κ , ∀t ≥ 0, and w remains bounded.
Lemma 2 [42] : For a positive constant κ, any z ∈ R satisfies |z| < κ. Then, we have
where p is a positive integer.
B. OUTPUT DEAD-ZONE MODEL
In this paper, the following nonsmooth dead-zone model is considered [43] 
where m l > 0, m r > 0, b l < 0 and b r > 0 are the dead-zone parameters. And then, we get
where the adjusted functions M r (y) and M l (y) are designed as follows:
where σ > 0 is an adjusted parameter. As stated in [43] , nonsmooth dead-zone D(·) can be approximated with any accuracy by increasing parameter σ . For the above nonsmooth dead-zone model, the following Lemma is presented: Lemma 3 [43] : The above dead zone output model in (10) has the following property:
where coefficient Y(t) denotes the slope of dead zone output, and it satisfies 0 < Y(t) < m 1 = max{m l , m r }.
C. MATHEMATICAL DESCRIPTION OF FLS
FLSs have good approximation performance for unknown nonlinearities, which can be used to deal with all the nonlinearities in system (1). Lemma 4 [13] : Let f (x) be a continuous function defined on a compact set . Then, for a given desired level of accuracy > 0, there exists a fuzzy logic system W T S(x), such that
T is the ideal constant weight vector, and
is the basis function vector, with N > 1 being the number of the fuzzy rules and s i (x) is chosen as the Gaussian function, i.e.
T is the center vector, and η i is the width of the Gaussian function.
D. NUSSBAUM-TYPE GAIN
Since that the appearance of the dead zone output, the control gain is unknown, so, the Nussbaum gain technique is employed here. Definition 1 [18] Lemma 5 [18] : For smooth functions V (t) ≥ 0 and ζ (t) on [0, t f ), an even smooth Nussbaum-type function N (ζ (t)), and a bounded function p(t), positive constants a 0 , b 0 , if the inequality
III. ADAPTIVE CONTROL DESIGN AND STABILITY ANALYSIS
For system (3), we define
where α i (1, 2, · · · , n − 1) is the virtual control input determined at the i-th step. Finally, an overall control law u k is constructed at Step n. Note that, α i (1, 2, · · · , n − 1) is independent of k ∈ I. The following command filter is introduced to estimate α i−1
where γ ϑ is a positive design parameter. And the estimation error is defined as υ i = ϑ i − α i−1 .
We are now ready to propose our main result on adaptive fuzzy control design in the following theorem.
Theorem 1: For a compact set κ := {z 1 (t) ∈ R | |z 1 (t)| < κ}. Under Assumptions 1-3, consider the closedloop switched system (1), if we construct the following control scheme:
whereθ i is the estimation of θ i = W i 2 withθ i = θ i −θ i . p i , and λ θ i are positive design parameters. Suppose that for 58224 VOLUME 6, 2018 1 ≤ i ≤ n, k ∈ I, all the unknown nonlinear functions can be approximated by FLSs. Then, under the bounded initial condition z 1 (t 0 ) ∈ κ , by adjusting the designed parameters p i , i , which will be shown in the design procedure, all signals of the closed-loop system are SGUUB in probability, and the output tracking error constraint z 1 (t) ∈ κ never violates.
Proof:
Step 1: The following Lyapunov function is constructed:
In the set κ := {z 1 (t) ∈ R | |z 1 (t)| < κ}, V 1 is positive and continuous, and V 1 → ∞ as z 1 = ±κ. Therefore, V 1 is a valid Lyapunov function over the set κ . According to (17) and Lemma 3, we have
It follows from Lemma 3 that 0 < Y(t) < m 1 = max{m l , m r }, then invoking Young's inequality, one has 
where 1 is a positive design constant. Substituting (26) into (25) gives 
where φ k,1 = In addition, there exists a continuous function F 1 satisfying the following condition:
where ι 1 > 0 is a design parameter. Furthermore, (27) can be reexpressed as
Then, an FLS is used to approximate the unknown continuous function F 1 in the following form:
where δ 1 is the approximation error. Thus, according to the triangular inequality, one has
where is a positive design parameter. Substituting the control scheme (19) and (22) with i = 1 into (29), we have 
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According to Lemma 2, when p = 2, we have log
κ 4 −z 4 in the interval |z 1 | < κ, then, (32) can be rephrased as Step i (2 ≤ i ≤ n − 1): Define z i = x i − α i−1 , then, in light of the command filter (18), we can get z i = x i − ϑ i + υ i , thus
Consider the following stochastic Lyapunov function candidate
Then, the time derivative of (36) is given as
Using Young's inequality, it results in
where i is a positive design constant. Substituting (38) into (37) yields
Similar to Step 1, we know, there exists an unknown continuous function F i such that
where ι i > 0 is a design parameter. An FLS is used to approximate the unknown continuous function F i in the following form:
where δ i is the approximation error. Thus, according to the triangular inequality, one has
where is a positive design parameter. Substituting the control scheme (20) and (22) into (39), we have Step n: For z n = x n − α n−1 = x n − ϑ n + υ n , we have
Then, we get
Similar to the above steps, we have
Thus,
It is easily concluded that the constrained tracking error is satisfied, and all signals in closed-loop are bounded in probability. This ends the proof of Theorem 1.
Remark 1:
In the above control design and analysis, it is clear that, if γ θ i > 0 is fixed, by increasing p i , i , meanwhile, reducing might result in small i and largep i , thus, this will leads to a smaller tracking error. However, it follows from (55) that z 1 depends on the unknown constants θ 1 , d 0 , so, we can only converge it to a small neighborhood of the origin instead of an explicit tracking, since that all the system functions and their bounds are unknown.
IV. SIMULATION EXAMPLE
In the present section, for the purpose of demonstrating the effectiveness of the proposed control scheme, we apply it to a simulation example. In this example, a system is described as follows:
The desired trajectory is y d = sin(0.1t) and the tracking error is constrained in the set
The dead zone output is defined as chosen in this simulation. The simulation results are depicted in Figs. 1-6 . It is verified from the results in these figures that the developed control scheme exhibits a good tracking performance in the presence of dead zone output and tracking error constraint.
To further demonstrate the effectiveness of the proposed control scheme for system (1) with dead zone output, we make a simulation comparison for system (56) with and without dead zone output (see Figs. 1-2) . It is easy to see that the dead zone output does have an impact on the performance of system (56), but the output y can still follow the desired reference signal y d well to keep the tracking error in the given set under the proposed control scheme in this study.
Remark 2: It is noteworthy that the above considered systems (56) is switched stochastic nonlinear systems with dead zone output, and the tracking error is limited within a given set. It should be mentioned that the adaptive control algorithms in [12] and [45] cannot be used to solve the problem encountered in this paper. In this paper, the system output y is a function of system state x 1 instead of y = x 1 , which adds the control design difficulty of the tracking error constraint.
V. CONCLUSIONS
In this paper, a tracking-error constrained adaptive fuzzy control scheme was developed to control the considered switched stochastic pure-feedback nonlinear systems with dead zone output, and the predefined tracking error constraint was not violated. With the help of the introduced command filter, fuzzy-approximator-based adaptive backstepping design approach and the Nussbaum gain technique, the controller was constructed for system (1) . Via Lyapunov synthesis, the boundedness of all signals in closed-loop was ensured, and the convergence of the output tracking error was also guaranteed to be within the prescribed bound. Finally, simulation results verified the effectiveness of the proposed control scheme. Compared with the existing results [41] , [12] , in which the control objective is focused on the dead zone input, while this paper is devoted to the dead zone output, which is more difficult. Furthermore, compared to [45] , the tracking error constraint condition is taken into account here, which makes the control design more complex. Inspired by the above issues, several challenging problems remain to be investigated, e.g., how to extend the results in this paper to switched stochastic nonlinear systems in the nonstrictfeedback form, and how to control system (1) with prescribed performance bound when all the system states are unavailable. These issues we will look at further.
